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A B S T R A C T

A fed-batch approach in stirred tank bioreactors for achieving enzymatic hydrolysis with a high load of lig-
nocellulosic mass is described in this paper. This approach allows ease of mixing, increasing the load of a higher
concentration of biomass without performance decrease, in comparison with the typical batch process, and
consequently it provides a higher concentration of reducing sugars for a down-stream fermentation process;
additionally, the fed-batch process times are shorter than the ones that have been reported so far. The work
basically consisted of experiments in fed-batch operation with final sorghum straw loadings of 5, 10, 15 and 20%
w v−1, using a commercial enzyme complex, and conventional batch experiments for comparison purposes.
Without typical operation problems of batch processes such as the lack of effective initial mixing and difficult
adjustment of pH and temperature, hydrolysate broths up to a reducing sugars concentration of 130 g L−1 were
obtained. Finally, hydrolysates were fermented to verify effective bioethanol production, reaching concentra-
tions of bioethanol of 48 g L−1.

1. Introduction

The latent possibility of substituting gasoline by bioethanol has
motivated the R&D on bioprocesses and bioreactants to render feasible
the large-scale production of fuel bioethanol. The diverse ecological,
social, and economic matters that drive it may be found elsewhere, e.g.
Ref. [1].

According to the raw material, bioethanol is classified in “genera-
tion” terms, in which diverse bioprocesses can be followed, diverse
bioreactants can be applied, and different product concentrations can
be obtained, e.g. Ref. [2]. For any bioethanol generation, a challenge to
make large-scale production economically feasible lies in obtaining
fermentation broths of at least 4% w v−1 of ethanol [3,4]; this is be-
cause bioethanol purification costs heavily increase with lower ethanol
concentrations [5]. In this way, for example, in the case of using any
high-performance yeast, the fermentation process must be loaded with
a solution of at least 80 g L−1 of six-carbon reducing sugar [6]. Then,
the higher the concentration of reducing sugars, the higher the ethanol
concentration and, thus, the lower the bioethanol purification cost.

Second-generation bioethanol (BioEtOH-2G), whose raw material is
lignocellulosic biomass coming from agro-industrial wastes (e.g., sor-
ghum straw, wheat straw, sugarcane bagasse), is produced via four
main steps: (1) pretreatment of raw material to break the lignin seal and

make available the holocellulose (cellulose and hemicellulose) to the
enzymes, (2) enzymatic hydrolysis of pretreated raw material to de-
polymerize its holocellulose into reducing sugars, (3) fermentation of
reducing sugars to convert them in bioethanol, and (4) purification of
bioethanol from the fermentation broth, which has a high content of
water [7].

The enzyme-based application is advantageous over chemical
treatments due to its use of moderate and noncorrosive operating
conditions. In addition, very mild process conditions give potentially
high yields, and maintenance costs are low compared with acid or al-
kaline hydrolysis. Besides, the process is compatible with many pre-
treatment options [8].

In this framework, to obtain a reducing sugars solution with a
concentration greater than 80 g L−1, enzymatic hydrolysis must be
carried out with a load of pretreated material greater than 15% w v−1

[9,10]. This considers that pretreated material gets a composition
around 70% of cellulose after pretreatment and that the enzymatic
process performs with a yield of 90%. Hence, enzymatic hydrolysis at
moderate/low solids load is not attractive from an economical and
environmental point of view [11].

Lignocellulosic mass is low density, meaning that a small amount
fills up a big space in a stirred tank bioreactor. In this light, it is con-
venient to reduce the size of the raw material as much as possible (by
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milling), to get a higher biomass load into the bioreactor [12]. How-
ever, the higher the amount of biomass, the less the effect of the stirrer
in mixing, even with a high-speed stirring. The poor mixing by high
biomass loading causes heat and mass transfer problems; e.g., the pH
adjustment becomes difficult, gradients of temperature and reactants
concentration in the reactor appear along a considerable initial period
of the process, and the enzyme work is delayed [13]. In this way, the
performance deteriorates: yield likely decreases, and process time in-
creases.

Reaction time is an important trait of process performance, since it
affects the transformation cost in an industrial framework. It is worth
noting that studies of enzymatic hydrolysis at high biomass load have
implied long-time experiments; for example, while Xue et al. [14]
performed their experiments at a time of 48 h, Hodge et al. [15] and
Knutsen and Liberatore [16] have preferred to hold the experiments
until 168 h, to achieve the highest possible holocellulose-to-reducing
sugars conversion. Moreover, Modenbach and Nokes [17], and more
recently Fockink et al. [18], in their reviews on enzymatic hydrolysis at
high-solids loads, report reaction times between 72 and 168 h.

An approach that has been explored is starting the enzymatic hy-
drolysis with a moderate load of lignocellulosic mass, and after a con-
siderable experiment time, a bolus dose of biomass of definite weight is
fed time-to-time; in this way, an effective load equivalent to a high-
solids process is achieved. For example, Zhang et al. [19] started a
process of 9% w v−1 of sugarcane bagasse, and later added corre-
sponding amounts of biomass to 8, 7, and 6% w v−1 in reaction times of
8, 24, and 48 h, respectively. In this way, an effective load of 30% w
v−1 was achieved; reaching a glucan conversion of 51%. In turn, Wang
et al. [20] started with an initial load of 10% w v−1 of sweet sorghum
straw, and later, at the times of 24 and 48 h, they added corresponding
biomass to obtain 5% w v−1 in both instances. The effective biomass
load achieved was 20% w v−1, and the glucan conversion was 60%.
Then, feeding biomass from time-to-time resulted in enzymatic hydro-
lysis processes of an effective high-solids load, where troubles by poor
mixing have been dodged.

In this light, this work explored systematically a fed-batch operation
strategy in the enzymatic hydrolysis carried out in a stirred tank bior-
eactor. Such strategy pretends to avoid operative problems that lack the
loading of high amounts of biomass, and to reduce the process time. It is
considered a dynamical framework in which, in addition to frequent
and periodic loadings of a small amount of alkaline-oxidative sorghum
straw, the process evolution is monitored through samples taken and
analyzed periodically. Finally, comparisons with conventional batch
processes are discussed to show the advantages.

2. Material and methods

2.1. Lignocellulosic material

The lignocellulosic material was sorghum straw (RSS), collected
from region Bajío in Guanajuato, México. It was milled up to a particle
size of mesh 20–40 and pretreated with an alkaline-oxidative medium.

The alkaline-oxidative medium consisted of 2% v v−1 sodium hy-
droxide and 1.5% v v−1 hydrogen peroxide; the pretreatment reaction
was carried out at 60 °C and pH 11.5 during 5 h. At the end, the alka-
line-oxidative sorghum straw (ASS) was filtered and washed with 1 L of
distilled water.

The dry-basis composition of the raw and pretreated material with
respect to cellulose, hemicellulose, and lignin were determined fol-
lowing [21,22]. The moisture of ASS was measured with a moisture
analyzer.

2.2. Enzyme complex

A commercial enzyme complex was used: Cellic® CTec2 kindly
provided by Novozymes® Latin America Ltd (Paraná, Brazil). CTec2 is a

blend of aggressive cellulases for degradation of cellulose to fermen-
table sugars; it also contains a high level of β-glucosidases plus hemi-
cellulase. This enzyme complex is a brown liquid with a density of
1.15 gmL−1 and it is composed of a weight percent by cellulases and
xylanases of 1–5% and 10–20%, respectively. The optimal temperature
and pH are 45–50 °C and pH 5.0–5.5.

The enzyme complex activity was 204 FPU mL−1, which was de-
termined following the NREL technique [23].

2.3. Reaction system

The experiments were carried out in a stirred tank reactor system
composed by a flask of 0.5 L (Proculture® glass spinner flask by
Corning®) warmed by a hot plate with a temperature controller device
(stirring hot plate Corning® PC-420D) and mechanically stirred (over-
head stirrer IKA® RW-20 Digital) with three marine propellers of four
blades.

All experiments were performed under the same conditions of
temperature (T), pH, and ratio enzyme/biomass (EL), whose setting up
is described below. During every experiment, samples were frequently
taken out to monitor concentrations of reducing sugar, with which
evolution trajectories of experiments were constructed and character-
ized.

2.4. The fed-batch strategy

The procedure to perform the enzymatic hydrolysis at high-solids,
through a fed-batch operation, was as follows: first, the corresponding
distilled water was charged into the reactor (the water contained in the
moist ASS was considered as well), and the stirrer was turned on at a
speed that guarantees good mixing (e.g., 150 rpm). Next, temperature
and pH were adjusted, and the corresponding amount of enzyme
complex was loaded; a readjustment of pH and temperature was ne-
cessary afterward. Once homogeneity was reached, a first sample was
taken out because enzyme complex contains reducing sugars; next, the
addition of amounts of ASS was started. Increments were of 2.5 g (dry
basis), and were added periodically up to completing a specified total
load of biomass. Four scenarios of total ASS load ({5, 10, 15, 20}% w
v−1) and two intervals between biomass addition instants ({5, 10} min)
were explored. After biomass total load, the enzymatic hydrolysis was
continued up to reaching a total experiment time of 10 h.

2.5. Conventional enzymatic hydrolysis

For comparison purposes, enzymatic hydrolysis in a typical batch
operation was carried out as follows: a mixture of distilled water and
moist ASS was prepared in the reactor (considering the water contained
in the moist ASS). pH and temperature were adjusted; next, the corre-
sponding amount of enzyme complex was added. The experiments were
performed at ASS concentrations of 5 and 10% w v−1 (dry basis), and
the reaction time was 10 h.

2.6. Optimal process conditions in the enzymatic hydrolysis

The enzymatic hydrolysis experiments were carried out at the same
conditions of temperature (T), pH, and ratio of enzyme/biomass (EL).
The values of these process conditions were optimally set up by fol-
lowing a three-factorial experimental design approach based on mi-
croreaction [24], with three levels for T, three for pH, and four for EL;
in this way, the set of scanned process conditions was formed by the
complete combination of the following conditions:

T = {45, 50, 55} °C, pH = {4.0, 4.5, 5.0}, EL = {78.95, 184.21,
289.47, 394.74} μL g−1-ASS.

This experimentation was carried out in a shaking thermoblock of
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24 places (Thermomixer-comfort by Eppendorf®) using microtubes of
1.5 mL as microreactors; each one was filled with 1.5mL of a suspen-
sion of 1% w v−1 ASS. The reaction time was 1 h (in this time around
70% of conversion is achieved).

The outcomes were processed by using the statistical software
Minitab-v17.1® on the basis of a response surface of quadratic type
[25],

Y= β0 + β1× T + β2 × pH + β3× EL + β11× T2 + β22×pH2

+ β33× EL2+ β12× T × pH + β13× T× EL + β23×pH× EL (1)

where Y is the yield of reducing sugars with respect to the ASS.

2.7. Fermentation

To verify that reducing sugars obtained from hydrolysis experiments
in stirred tank reactors effectively yield bioethanol, alcoholic fermen-
tations were carried out in the same reaction system as described in
Section 2.3 Reaction System, but with the only difference that mixing
was performed with a magnetic stirrer at 60 rpm.

The Saccharomyces cerevisiae strain used was a wild one typed as
AR5, kindly provided by the Laboratory of Molecular Genetics of Fungi
(Departamento de Biología, Universidad de Guanajuato, México). This
was grown following standardized procedures: use of YPD medium at
28 °C [26].

The fermentation was carried out with filtered hydrolysates coming
from enzymatic hydrolysis experiments of 15 and 20% w v−1 of ASS, at
a temperature of 33 °C. The fermentations lasted 26 h, and samples
were taken out frequently to plot the trajectories of glucose consump-
tion and bioethanol production.

2.8. Analysis of liquid samples

The reducing sugars of the enzymatic hydrolysis experiments were
measured by following the DNS technique [27]. For the fermentation
experiments, glucose concentration was measured by a biochemical
analyzer YSI 2700 Select [28] and ethanol concentration by Gas
Chromatograph PerkinElmer® Clarus® 500 with Thermo Scientific®

TRACE® TR-WaxMS Column (the stationary phase is polyethylene
glycol and a carrier gas of 55.1 kPa).

3. Results and discussion

3.1. Composition of lignocellulosic material

The moisture of the ASS was 75.7 ± 1.26% and the chemical
composition of the RSS and ASS are presented in Table 1.

It is worthwhile to notice that considering the holocellulose in the
ASS, the maximum yield of reducing sugars that can be reached is 84%;
it means that a maximum concentration of 42 g L−1, 84 g L−1,
126 g L−1, and 168 g L−1 of reducing sugars will come from enzymatic
hydrolysis of 5, 10, 15 and 20% w v−1 of ASS, respectively.

3.2. Process conditions of experiments in stirred tank reactors

From the outcomes of microreaction experimentation, the following

quadratic model was identified, estimating the percentage yield of re-
ducing sugars with respect to ASS that can be obtained at various
conditions of temperature, pH, and enzymatic load:

Y= 398–24.1× T + 112×pH – 1.15× EL + 0.114× T2 –
23.0×pH2 – 0.625× EL2 + 2.274× T × pH + 0.633× T× EL –
4.86×pH× EL (2)

The optimal process conditions predicted by model (2), in which the
system CTec2-ASS gets its maximum performance are: T= 55 °C, pH =
4.36 and EL= 394.74 μL g−1-ASS. Under these conditions the achieved
yield is 66.82% according to ASS content, and 79.50% from the holo-
cellulose content. As an example, Fig. 1 illustrates the response surface
of the system CTec2-ASS.

According to the analysis of variance, the three double-combina-
tions of the factors show significance because the p-value is less than
0.05. This was expected because the enzyme complex is very selective
in terms of pH and temperature values [29]. The standard deviation of
the microhydrolysis experiments was 8%. The pipetted amounts of the
enzyme complex to construct the response surface were 1.5, 3.5, 5.5
and 7.5 μL. It must be pointed out that the viscosity of the enzymatic
complex makes its sampling by micropipette complicated.

3.3. Typical batch enzymatic hydrolysis

The performance achieved by enzymatic hydrolysis carried out in a
stirred tank reactor with a typical batch operation is given in Table 2,
and the corresponding dynamics are depicted in Fig. 2. The outcomes
correspond to experiments with ASS loads of 5 and 10% w v−1. As it
can be seen, the yield for 5 and 10% w v−1 is close to the maximum
feasible yield, and in the two experiments of 5% w v−1, reproducibility
is obtained even in a dynamics aspect. In the case of experiments of
10% w v−1, although there is no reproducibility in the first hours of
dynamics, reproducibility of final concentrations is reached moments
later.

The nonreproducibility at high ASS loads can be brought about by
operational issues. At the experiment start, the biomass cannot be
stirred, so the enzyme cannot be mixed, and meanwhile, the enzyme
crumbles the biomass. Hence, there is no guarantee regarding the
homogeneity of pH and temperature; this lasts a few hours. Indeed,
noticeable temperature gaps arise, and in some places, the temperature
is much higher than the required value, which can deteriorate either the
biomass or the enzyme. At the end, for free water is scarce, sampling
becomes difficult in the sense that solids are drawn and there is no
homogeneity; thus, measuring reducing sugars is imprecise and non-
reproducible.

3.4. Fed-batch enzymatic hydrolysis strategy in 0.5 L

On the evaluation of the effect of biomass addition lapses in the fed-
batch operation, Fig. 3 illustrates representative trajectories of reducing
sugars concentration for a total ASS load of 5% w v−1 with addition
lapses of 5 and 10min. In the case of 5min, while the increments of ASS
were thrown into the reactor, the reducing sugars concentration
jumped up and down, and after the total load was reached, the reducing
sugars trajectory continued smoothly increasing, even overtaking the
trajectory of a batch process. In the case of 10min, after total load was
done the trajectory of reducing sugars concentration smoothly went up
as well. At the end of the experiments, the reducing sugars concentra-
tions of both addition times matched. Within the addition lapses it was
observed that the lignocellulosic mass got crumbled in few minutes, and
the reacting mixtures achieved a very fluid consistency, in such a way
the stirring was carried out with ease during the whole experiment;
however, in the case of 5min some fibers still could be observed when
the next straw handful was going to be added, whereas in the case of
10min the reacting mixture became almost homogeneous. Therefore,

Table 1
Composition of raw sorghum straw and of sorghum straw delignified by the
alkaline-oxidative method.

Biomass Component (% w w−1 on dry solid basis)

Cellulose Hemicellulose Lignin Holocellulose

RSS 26.93 ± 1.21 32.57 ± 1.94 10.16 ± 1.88 59.50 ± 0.73
ASS 61.31 ± 2.76 22.73 ± 4.22 1.67 ± 1.71 84.04 ± 2.29
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Fig. 1. Response surface graph of microhydrolysis.

Table 2
Parameters of adjusted trajectories to the mathematical model (Eq. (3)) of enzymatic hydrolysis in 0.5 L using batch and fed-batch operations. RS: reducing sugars;
Ho: holocellulose.

System Concentration of ASS (% w v−1) Concentration of RS (g L−1) τ (min) t (min) Yield (%) g-RS/g-ASS Yield (%) g-RS/g-Ho

Conventional 5 37.88 ± 0.98 24.99 99.96 75.76 ± 0.99 90.15 ± 1.17
10 79.79 ± 0.87 55.3 221.2 79.79 ± 2.72 94.94 ± 3.23

Fed-batch 5 40.57 ± 0.78 64.78 259.12 81.14 ± 0.60 96.55 ± 0.72
10 81.40 ± 1.01 115.59 462.36 81.40 ± 0.61 96.86 ± 0.72
15 115.55 ± 2.22 129.01 516.04 77.03 ± 3.99 91.66 ± 4.75
20 126.22 ± 7.71 125.52 502.08 61.58 ± 1.87 75.1 ± 2.22

Fig. 2. Reducing sugars' trajectories of the conventional enzymatic hydrolysis at ASS concentrations of 5 and 10% w v−1. RS: reducing sugars.
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for the sake of reduced operative problems and homogeneity in the
reacting mixture, the experiments were performed with addition lapses
of 10min.

Fig. 4 illustrates the trajectories of reducing sugars concentration for
the enzymatic hydrolysis performed with total ASS loads of 10, 15, and
20% w v−1. It can be noted that the trajectories for 10 and 15% w v−1

loads reached a stationary phase, meaning that 10 h was more time
than the necessary for the feasible holocellulose-to-reducing sugars
conversion. For the 20% w v−1 load, the sugars concentration trajec-
tory seemed to be still increasing after 10 h, so with a few more hours of
reaction it would have likely reached higher reducing sugars con-
centration.

To reduce ambiguity in each experiment about attaching a final

value of the reducing sugars concentration and a practical settling time,
to each trajectory the following time-dependent relationship was
identified, which comes up from a first-order kinetics system [30]:

C(t)= C∞(1 – exp(–t/τ)), ts=4τ (3)

where τ is a time constant that enables estimation of the settling time ts
of the experiment, and C∞ is the final reducing sugars concentration
that can be reached in each experiment if the experiment were carried
out up to an infinite time. In Fig. 4, the match between experimental
trajectories and characterizing model is illustrated, and in Table 2 the
final reducing sugars concentration and settling times are exposed for
every total ASS load, and yields as well.

It can be noted that final sugars concentrations and yields for the

Fig. 3. Comparison between fed-batch enzymatic hydrolysis performances at ASS concentrations of 5% w v−1, loading 2.5 g (dry basis) every 5 and 10min. RS:
reducing sugars.

Fig. 4. Experimental and model trajectories of the reducing sugars performing fed-batch enzymatic hydrolysis at ASS concentrations of 10, 15, and 20% w v−1,
loading every 10min. RS: reducing sugars; exp: experimental data; mod: mathematical model data.
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fed-batch experiments of 5 and 10% w v−1 total load were slightly
larger than those of the batch experiments, but the settling times of fed-
batch experiments are longer than the ones of batch experiments. In this
sense, it is worth to take into account that in experiments with addition
lapses of 10min, the total ASS load of 5% w v−1 takes 100min, the one
of 10% w v−1, 200min, the one of 15% w v−1, 300min, and the one of
20% w v−1, 400min. Looking at the ASS loads of 15 and 20% w v−1 of
fed-batch experiments, although the yield fell down a little, with the
increase of the total load the concentration of reducing sugars is pretty
high (slightly greater than 120 g L−1 of RS, and 100 g L−1 of glucose),
which would even enable a fermentation broth with about 5% w v−1 of
ethanol, as it is demonstrated below.

It is worth to recall the reviews of Fockink et al. [18] and Chen and
Liu [31], detailing process conditions in which several high-solids en-
zymatic hydrolysis were performed. Studies carried out at a biomass
concentration of 15% w v−1 reached a cellulose/glucan conversion
between 60% and 70%, whereas in this work holocellulose conversion
was over 90%; the studies carried out at a concentration of 20% w v−1

reached a cellulose/glucan conversion around 70% (only one study
surpassed 80% of holocellulose conversion), and in this work 75% of
holocellulose conversion was achieved with ease. In addition, an im-
portant issue to consider is the processing time: while the studies
mentioned in the reviews were carried out with experiment times from
72 up to 168 h, in this work the processing times (settling times in
Table 2) were lower than 10 h.

Qualitatively speaking, the fed-batch operation might be one way to
achieve effective mechanical stirring, and consequently effective
mixing since high-solids loads over 15% w v−1 might not be susceptible
to mechanical stirring [13]. For example, in the case of the fed-batch
experiments, the mechanical stirring started at 150 rpm, and once the
ASS load was completed, the stirring rate could be increased by 50 rpm,
in such a way the mixing was enhanced because a homogeneous re-
acting mixture could be achieved. In the case of typical batch experi-
ments, the mixing gets blocked up with concentrations greater than 7%
w v−1 of ASS; in fact, at a concentration of 10% w v−1 of ASS the
reaction medium was not mixed at the beginning of the experiments,
even with a significant increase of stirring rate, so it is necessary to wait

for the enzyme to crumble the ASS. Therefore, the fed-batch strategy
brings out an improved mixing, and enables an easy dynamical load of
biomass, without problems of homogeneity of pH and temperature in
the reactor.

3.5. Fermentation of the hydrolysates

Fig. 5 shows the trajectories of glucose consumption, ethanol pro-
duction, and yield obtained in the fermentation of the hydrolysates that
came from the enzymatic hydrolysis of 15 and 20% w v−1 of total ASS
load. It can be observed that in the fermentation with the 15% w v−1

hydrolysate, the ethanol concentration was 42 g L−1 and the yield 79%;
whereas with the 20% w v−1 hydrolysate, the ethanol concentration
was 48 g L−1 and the yield 89%. Considering a mass balance with the
ASS used in the hydrolysis experiments, the ethanol yield with respect
to pretreated biomass resulted of 28% (g-ethanol per g-ASS) with the
15% w v−1 hydrolysates, and 24% (g-ethanol per g-ASS) with the 20%
w v−1 hydrolysates. According to the composition of the straw
(Table 1), the ethanol yield with respect to cellulose content resulted in
45% (g-ethanol per g-cellulose) for the 15% w v−1 hydrolysates, and
39% (g-ethanol per g-cellulose) for 20% w v−1 hydrolysates.

In both fermentations, the consumption of the glucose was in-
complete; the remaining glucose was 3.9 g L−1 and 1.8 g L−1.

4. Conclusions

In this work, a fed-batch approach enabled, with ease and high
performance, enzymatic hydrolysis of lignocellulosic mass at high-so-
lids in stirred tank bioreactors. Through the fed-batch operation, a
homogeneous reacting mixture is guaranteed, and so operational pro-
blems are reduced, as are those of initial adjustments of pH and tem-
perature. This strategy does enable the raise of reducing sugars con-
centration in enzymatic hydrolysis of lignocellulosic biomass, which in
turn enables fermentation broths with more than 40 g L−1 of ethanol.

Fig. 5. Fermentation experiments: glucose consumption, ethanol production, and ethanol yield trajectories from hydrolysates of 15 and 20% w v−1.
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